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Abstract 
The focus of this project was to design and create a combinational smoke detector to 
sense different fire characteristics. Research was completed on the background of detectors and 
different thresholds of characteristic signatures from a fire that could be identified. Fire 
signatures identified for the detector were smoke, carbon monoxide and heat. Individual sensors 
that could recognize these signatures were used in the design of a smoke detector that could 
reduce the number of false alarms caused by nuisance sources by looking for a combination of 
signals to indicate alarm. 
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Executive Summary 
Smoke detectors have become common in households across the United States since the 
1970’s when they were first recognized as being highly important in saving lives. Since the 
introduction of smoke detectors into homes, fire related deaths have dropped by nearly 50%.
1
 
There are also new studies out that show 65% of fire deaths occur in homes that either don’t have 
a smoke detector or the smoke detector was not operating.
2
 This goes to show how important 
smoke detectors can be in saving lives. 
The purpose of this project was to investigate, design, and create a way to detect a fire 
while reducing the number of false alarms that occur. This project focused on the characteristics 
fire signatures and how they could be used to detect only a fire. Research and interviews were 
completed to determine what the most common smoke characteristics were and how they could 
be detected. 
It was determined that when detecting a fire with just the technology of smoke 
obscuration sensors it was very sensitive to false alarms. However, if smoke obscuration was 
measured in conjunction with signals caused by temperature and carbon monoxide then it may be 
possible to limit the number of false alarms. 
Research was conducted that found thresholds for each of these fire characteristics and 
then they were implemented into a design for a combinational smoke detector. The smoke 
                                                 
1 (Smoke Alarms) 
2 (Ahrens, Reports and Statistics, 2007) 
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detector was designed and fabricated for testing to see if indeed a combination of these three fire 
characteristics could decrease the number of false alarms. 
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1. Introduction 
Smoke detectors are a vital commodity in every occupied building in the world. Smoke 
detectors help to detect and indicate a threat to nearby inhabitants in the event of a fire. Smoke 
detectors allow people to become aware of their surroundings and alert them to seek safety. In an 
applications guide by System Sensor it states,  
Studies have shown that in the United States the use of early warning fire and smoke 
detection systems has resulted in a significant reduction overall in fire deaths.
3
 
As a result, it is extremely important that smoke detectors remain a reliable product 
around the world. There is little or no room at all when it comes to efficient fire detection and 
saving the lives of many civilians. The National Fire Protection Association has estimated that 
nearly 890 lives could be saved each year if all homes had working smoking alarms.
4
 Smoke 
detectors play an important role in saving lives and are the first defense in helping to identifying 
a fire. 
1.1. Problems 
One concern with smoke detectors is the potential for smoke false alarms, which may 
cause people to disable or ignore the detector. All too often it is seen that detectors are either 
ignored as an annoyance, out of service due to poor maintenance, or disconnected from the 
                                                 
3  (System Sensor 2002) 
4 (Ahrens, 2007) 
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power source.
5
 The problem which this particular project is focused upon relates to the reliability 
of smoke detectors in identifying real fires. The goal of this project is to design and test a 
detector which can more reliably identify an actual fire and discriminate false or nuisance 
signals. 
1.2. Needs 
The goal of smoke detector technology today is to reduce the number of false alarms 
while keeping or increasing the accuracy of the original detector. There are several methods 
which are being tested to help improve the quality of detectors throughout the world. One of 
these new technologies incorporates other sensors to help identify a fire more precisely and 
accurately. To help create a device using multiple sensors many tests would have to be 
completed to determine actual fire characteristics and identify how each sensor individually 
responds to different fires. Making a detector which uses multiple signals to recognize a fire 
could be essential to saving more lives in the future. 
2. Background 
2.1. Smoke Detectors 
The common smoke detector used today detects a fire using either photoelectric or 
ionization methods, both of which are viable options for detecting smoke in the surrounding 
areas. However, they have different operating characteristics and different vulnerabilities which 
may lead to delayed detection and false alarms. 
                                                 
5 (Proulx, 2000) 
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The effectiveness for a common smoke detector primarily depends upon the mode of 
combustion of a fire. The mode of combustion is the difference between a smoldering fire and 
flaming fire. A smoldering fire is typically characterized by visible smoke which can make a 
detector go into alarm. While a flaming fire does not necessarily produce an inordinate amount 
of visible smoke but rather releases large numbers of small smoke particles which can be used to 
set off a smoke detector.
6
 Both types of fire are dangerous and any detector should be able to 
recognize the threat early in the fire growth stage. 
One problem with smoke detectors is that they sometimes indicate a fire when there is 
not one present. This creates problems the more frequently that it happens because the people 
that hear the alarm are more likely to ignore it. The need for smoke detectors that have fewer 
false alarms is clearly present. If there are fewer false alarms, then every time an alarm goes off, 
the more people will be likely to think of it as an emergency situation. 
2.1.1. Ionization 
An ionization smoke detector uses a radioactive material called Americium-241 to help 
detect the presence of smoke in the air. The Americium-241 releases alpha particles which ionize 
the air in the smoke chamber of the detector. The alpha particles cause the oxygen and nitrogen 
to ionize and create an electric current in the device. However, when smoke enters the chamber, 
the amount of ionized air is decreased, thus reducing the amount of electric flow in the circuit. 
This electric flow is monitored and when it becomes too low it can set off an alarm.
7
 
                                                 
6  (Geiman, Gottuk and Milke 2006) 
7 (Baker & Adams, 1993) 
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Using the ionization method for a smoke detector is optimal when it may be more likely 
to have a flaming fire. The tiny particles from a the flaming fire may not be able to be seen with 
the naked eye, but the characteristics of the ionization smoke detector allow it to sense a change 
in chemical composition of the air. This is an advantage in the case of a flaming fire, but also 
triggers an inordinate amount of false alarms because it is not able to sense a difference in 
particles in the air. 
2.1.2. Photoelectric 
Photoelectric detectors function by identifying the scattering of a light source due to 
smoke particles. This essentially follows the Mie Scattering Theory.
8
 The most common 
technique used is to have a light source radiating in one direction and a light sensing device set 
up to cross the path of the light source but not detecting the light. Once smoke enters the path of 
the light source, the smoke particles scatter the light into the direction of the sensor.
9
 The angle 
of refraction depends on various factors such as incident wavelength, particle diameter, and 
refraction index. This concept can be seen in the picture below, where the smoke particles reflect 
the incident light and send a signal to the sensing device. 
                                                 
8 (French, 2009) 
9 (Dungan, 2008) 
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Figure 1 - Photoelectric Concept
10
 
These detectors are most effective for smoldering fires where there is a lot of visible 
smoke. They are not the best option in the case of a flaming fire where not much smoke would 
be produced. This fact is important since it has been reported that the majority of fire-related 
deaths occurs with what started as a smoldering fire.
11
 Although a flaming fire may produce 
more heat, most fire deaths are to do the inhalation of smoke or becoming lost because of smoke 
obscuration. 
2.1.3. Photoelectric vs. Ionization 
The current trend of smoke detector use in the industry is headed in the direction of 
photoelectric detectors. In some tests, these detectors have been seen to indicate an alarm by as 
much as 20 minutes before an ionization detector did. While the maximum delay for a 
photoelectric detector compared to an ionization detector is approximately 30 seconds.
12
 Studies 
have shown that ionization detectors are to be more vulnerable to false alarms.
13
 These detectors 
                                                 
10 (Marshall) 
11  (Mother Earth News 1983) 
12  (Mother Earth News 1983) 
13 (Ahrens, Home Smoke Alarms - The Data as Context for Decision, 2008) 
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can be easily set off by smoke produced from activities such as cooking when there may not 
actually be a fire. Photoelectric smoke detectors are built with a smoke chamber which improves 
the inflow of smoke and keeps other gases out which do not indicate a fire.
14
 Another reason for 
the movement away from the ionization detectors is that they contain small amounts of 
radioactive material, americium. Although almost harmless when inside the smoke detector, it 
can pose a threat in the event of a fire or when the detector needs to be disposed of.  
2.2. Heat Detectors 
Another method in which to detect a fire is by the heat resulting from the combustion 
process. Heat detectors can be designed in a couple of ways. One apparatus is to have a fixed 
temperature detector that would go off at a predetermined maximum temperature. Another 
design of a smoke detector monitors the rate at which the temperature in the air is rising. Each 
kind of heat detector has particular situations where it may work better than the other.
15
 
Despite being extremely accurate in distinguishing a fire from a nuisance alarm, heat 
detectors are not considered a life safety device because they are not always reliable for a quick 
response in the event of an emergency.
16
 Many times there may be a fire where the actual 
temperature at the ceiling does not reach the expected level until the fire has become too 
dangerous to even escape from. For this reason, the concept of making a combinational smoke 
                                                 
14  (Panasonic 2003) 
15 (Dungan, 2008) 
16 (FireNet 2008) 
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and heat detector has been developed and more research is ongoing to make it an even more 
reliable device.
17
  
2.2.1. Fixed Temperature  
A fixed temperature heat detector can be made in multiple ways. One option can be 
accomplished by having a piece metal which would link together once heated to a particular 
temperature. This mechanical design is useful for its simplicity but can only be used once as it 
would be damaged once linked together. Another way to create a fixed temperature detector is by 
using a thermistor or thermocouple. These devices have different electrical identities depending 
on the temperature that they are exposed to. Using simple electronics a threshold temperature 
could easily be detected.
18
 
Fixed temperature heat detectors are most common in residential settings where it may 
not be uncommon for the temperature to change often. In areas, such as near doors and ovens, 
where it is expected to change temperature a fixed heat detector may be of great use. Also, these 
areas may not be the best situation for a smoke detector since often there are numerous particles 
flying through the air, whether it is dust or smoke from cooking. 
2.2.2. Rate of Rise Temperature 
To design a rate of rise temperature detector a thermistor or thermocouple could be 
utilized once again. The difference for this detector is that it would need monitoring circuitry to 
                                                 
17 (Brighenti, 2008) 
18 (Dungan, 2008) 
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detect the change in temperature over a certain amount of time. This is more complex and would 
require more power to carry out the necessary activities. 
Rate of rise temperature detectors have primarily been used in applications where it is 
known to be a constant and steady temperature. These detectors are extremely effective for cold 
storage facilities where the temperature may always relatively low so that a fixed heat detector 
may be set too high to work. In this case, a rate of rise heat detector would be vastly useful in 
detecting a fire. 
2.3. Carbon Monoxide Sensors 
Another method recently being developed for use in a smoke detector is a carbon 
monoxide (CO) sensor. Carbon monoxide is a colorless, odorless, and tasteless gas which can 
only be detected by a sensor.
19
 This gas can be useful in a smoke detector because it is produced 
when materials have incomplete combustion, which is quite common for fires in a residential 
setting. Incomplete combustion generally is produced by a solid material being burned with a 
lack of oxygen.
20
 Carbon monoxide, along with being a fire signature, is also dangerous to 
humans by itself. This gas can cause problems to the human nervous system and heart with either 
a low exposure for a long period or high exposure for a short period of time. Carbon monoxide 
poisoning can even lead to death. Results have shown that over 40,000 people per year suffer 
from carbon monoxide poisoning in the United States.
21
 There are many different types of CO 
                                                 
19 (Carbon Monoxide Kills 2008) 
20 (International Society for Complexity, Information, and Design 2008) 
21 (Carbon Monoxide Poisoning 2008) 
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detectors which can be chosen from. The three main types of CO sensors are biomimetic, 
electrochemical, and semiconductor.  
2.3.1. Biomimetic 
The biomimetic sensor is a material that darkens in the presence of CO. This could be 
used with a light sensor to produce a signal when there is CO. This sensor is more commonly 
used as a signal for people to see than used in a sensing device. The biomimetic sensor is a 
material which will only react to carbon monoxide and not produce false alarms. Although, once 
it has detected carbon monoxide once it would not be able to be reused again because cannot be 
used multiple times.
22
 
2.3.2. Electrochemical 
The electrochemical sensor is designed to create a current when in the presence of CO. 
The chemical inside (acid electrolyte solution) of the sensor reacts with the carbon monoxide and 
produce a current which then can be read by an electronic circuit. The electrochemical sensor is 
the most widely used sensor in CO detectors today because it is the most accurate and is also not 
prone to false alarms from other gases.
23
 
2.3.3. Semiconductor 
The semiconductor sensor changes resistance with the amount of CO present which in 
turn could be measured by an electric circuit to detect a hazard. This is also a useful sensor for 
                                                 
22 (Black, 2008) 
23 (Black, 2008) 
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detecting carbon monoxide and depending upon their availability could also be a viable option 
for a carbon monoxide sensor.
24
 
2.4. Combinational Detectors 
In today’s market, there are detectors which both have a smoke detector and carbon 
monoxide detector built into one, but they function separately. The problem with this device is 
that carbon monoxide is less dense than air and because of this it is more likely to settle closer to 
the ground. This could pose a problem since it is intended to be on the ceiling with the smoke 
detector. Another error presented by the CO detectors is their allowances to false alarms. Such 
actions such as smoking a cigarette produce carbon monoxide but the detectors must not be so 
sensitive as to pick up this amount of the gas. However, it is obvious that multi-criterion devices 
need to be researched and it is known that “development is underway by some manufacturers to 
incorporate gas sensors such as CO or CO2 to improve the performance of smoke detectors”25. 
There are also combinational heat and smoke detectors, as well as ionization and 
photoelectric detectors in one device. These detectors are advances from a single sensor detector, 
but there is still room for improvement. There is introductory technology where the use of 
multiple sensors in conjunction with each other is being made, however not many devices are 
currently available. 
                                                 
24 (Black, 2008) 
25 (Moore 2008) 
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2.5. Summary 
In order to create a more reliable smoke detector, it should not be overly susceptible to 
nuisance signals. These nuisance signals include occurrences like smoking a cigarette, burning 
food, or dusting. It would be ideal to create a detector which distinguishes the characteristics 
between a real fire and these nuisance signals. Using multiple sensors such as the smoke 
detector, heat detector, and carbon monoxide detector it may be possible to create a device which 
eliminates all the current problems given by current technology. For this reason, this project was 
formed to help find different ways of detecting a fire more accurately and reliably. 
3. Research Objective 
The objective of this project is to determine if using the fire signatures of carbon 
monoxide, temperature, and smoke obscuration in combination inside of a detector is a viable 
idea that could be manufactured. A threshold at which each fire characteristic and combination 
thereof is to be determined and built into a circuit that produces warnings for each level reached. 
These combinations of thresholds should effectively reduce or eliminate the number of false 
alarms created by smoke detectors. The research and experiments from this project should 
increase the knowledge towards creating more effective and reliable smoke detectors in the 
future. 
4. Thresholds 
An important aspect of designing the combinational smoke detector is determining the 
points at which the device should go into alarm. The common thresholds used in current 
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detectors are obviously not applicable because those cause false alarms and long activation times 
which are trying to be prevented. For this reason research had to be done to help discover which 
levels of temperature, smoke obscuration, and carbon monoxide would be acceptable to initialize 
an alarm when either working together or separately.  
The research for each threshold began by first identifying what the current levels for each 
threshold were in the market. This was determined by a few different methods of examination. 
Initially, a number of generic smoke, heat, and carbon monoxide sensors were looked at to see 
what the common alarm indicating levels were. From this it was found that smoke detectors 
generally had a level of approximately three percent obscuration per foot to be set into an alarm 
mode. Also, when looking into heat detectors is was established that most fixed heat detectors 
were either rated for 135°F or 165°F when put into a residential setting. In the case of a carbon 
monoxide sensor, there are no detectors which only use carbon monoxide to sense a fire. 
However, there are carbon monoxide detectors which look to identify the gas no matter what the 
source. These detectors are usually designed to sound an alarm after a certain amount of time to 
an exposure of carbon monoxide depending on the level. This is because some cases of carbon 
monoxide poisoning can happen over a long period of time with discrete amounts of the gas 
present. 
Besides looking at how detectors are made by other manufacturers it is also possible to 
seek out certain standards and specifications which must be followed when designing a detector 
or sensor. There are standards written by approval companies that manufacturers go to help 
ensure the safety of their product. These standards can include design requirements for each 
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smoke detectors, heat detectors, and carbon monoxide detectors if the appropriate sets of 
standards are inquired. 
The most used standard for smoke detectors is called Smoke Detectors for Fire Alarm 
Signaling Systems (UL 268)
26
 written by Underwriters Laboratories Inc. (UL). This standard 
goes into great detail about how smoke detectors will be tested, which in turn provides 
information on how detectors can be made and specifications should be followed when designing 
the detectors. The standard also explains different tests which a smoke detector should be able to 
pass in order to become a device listed for use. One requirement to meet in this standard is that a 
detector “shall not alarm prior to an obscuration level of 0.5 percent per foot (1.65 percent/m), or 
less”. This standard also has many approval tests that a detector must pass in order for it to be 
accepted by UL. 
There is also standard for heat detectors. This is called Heat Detectors for Fire Protective 
Signaling Systems (ANSI/UL 521)
27
 and is approved by the American National Standards 
Institute (ANSI) and Underwriters Laboratories. This standard states that a heat detector with a 
temperature range of 134 °F to 174 °F is of an ordinary temperature range which is often used 
for residential applications. The standard says that if the ceiling temperature is not projected to 
rise above 100 °F then a heat detector within the range of 135 °F to 165 °F should be installed. 
Another standard which deals with carbon monoxide is called Standard for Single and 
Multiple Station Carbon Monoxide Alarms (ANSI/UL 2034)
28
 and is also approved by ANSI and 
                                                 
26 (Smoke Detectors for Fire Alarm Signaling Systems, 2006) 
27 (Heat Detectors for Fire Protective Signaling Systems, 2002) 
28 (Standard for Single and Multiple Station Carbon Monoxide Alarms, 2005) 
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UL. This document explains the different parameters for a CO detector to activate in great detail. 
The standard states to follow a graph when determining CO level thresholds for certain lengths 
of time. However, it can be more easily seen in the chart below which is also in the standard. 
 
Figure 2 - Carbon Monoxide Alarm Thresholds 
This chart identifies common thresholds and how long they should recorded for before an 
alarm is signaled. The chart also gives minimum values for when the alarm should not be going 
into alarm mode. These values could be useful if the detector being made included a separate CO 
warning system, but the project is more focused on smoke detection. This information can still 
be useful in determining what thresholds to use in the combinational smoke detector being made. 
A large portion of information for this process was found in a report by Hughes 
Associates called Evaluation of CO/Photoelectric Detectors.
29
 In this report many nuisance fire 
tests were conducted to help determine if it would be sensible to combine data from smoke 
obscuration and carbon monoxide to identify a fire. Information that was used from the report 
                                                 
29 (Hughes Associates, Inc., 2008) 
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included carbon monoxide, smoke obscuration, and temperature levels for all the fires and 
nuisance sources which were tested. This was extremely important information to the project 
because the report gave numerical values to the characteristics a nuisance source outputs. To 
determine the final thresholds these three characteristics were compared side by side which can 
be seen in the chart below. 
Test 
Peak Obscuration 
(% Obscuration / Foot) 
Peak 
Temperature (ºC) 
Peak CO 
(ppm) 
Shower Steam A 4.9 34 0 
Shower Steam B 4.75 29 0 
Microwave 
Popcorn 1 5.5 22.5 12.5 
Microwave 
Popcorn 2 3.3 22 6 
Toasting Bread 1 10 27 16 
Toasting Bread 2 25.5 2 3 
Cooking Scenario 
1 3 27 1 
Cooking Scenario 
2 2.3 26.3 2 
Dust 1 3.2 20 0 
Dust 2 1.9 21 0 
Aerosol 1 2.2 19.5 0 
Aerosol 2 1.45 20 0 
Aerosol 3 2 20 0 
Generator 0 20 100 
Trash Fire 4.5 35 60 
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Table 1 - Fire Tests Characteristics
30
 
Comparison from this chart allowed for the results of different nuisance sources to be 
recognized and gave great insight for which levels of each sensor might produce a false alarm. 
These results allowed for the final thresholds to be determined along with all the other 
information gathered earlier. The thresholds were finalized to be as seen below: 
 Single Sensor 
o Smoke Obscuration 
 4% obscuration per foot 
o Temperature            
 135 °F 
o Carbon Monoxide          
 100 parts per million 
 Two in Combination 
o Smoke Obscuration and Temperature 
 2% obscuration per foot and 120 °F 
o Smoke Obscuration and Carbon Monoxide 
 2% obscuration per foot and 30 parts per million 
o Carbon Monoxide and Temperature 
 120 °F and 30 parts per million 
 All Three Together 
o 1.5% obscuration per foot, 105 °F, and 15 parts per million 
These threshold levels for each fire characteristic can be used in creating a more reliable 
smoke detector that will have fewer nuisance alarms. From these findings, it seems possible to 
take three different sensors and have them work together in one device to try to avoid anymore 
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false alarms while still having the same effectiveness as an ionization or photoelectric smoke 
detector.  
5. Device Design 
The importance of the device design relied on a number of factors. From the beginning, a 
budget had been placed on the project which would be a main factor in numerous decisions. The 
concept of the project also required that a device be made which could replace a common smoke 
detector, except with the added benefit of being more reliable. This device in essence had to be 
designed like a regular smoke detector with the additional elements of improving the technology 
inside. 
5.1. Price 
Although this device is used for life safety a key aspect is that the product must still be in 
a price range which would be acceptable to all households. An economical device would help 
increase the number in detectors in homes and also be in fair competition with less complex 
detectors that may not be as efficient in detecting smoke from a fire. 
A typical price for a smoke detector is in the range from as low as six dollars but also be 
as high as 50 dollars. This price range includes both kinds of smoke detectors, ionization and 
photoelectric. It is also possible to have a detector which utilizes both detection methods for 
more safety in the same price range. The price may also become higher if other technologies are 
desired such as a voice announcing that there is an alarm rather than just a simple high pitched 
beeping. 
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There are also devices which have a combination of a smoke detector and a carbon 
monoxide sensor that work separately from each other but are in the same unit. These devices are 
generally priced around fifty dollars and look similar to a normal smoke detector.
31
 
With the pricing information provided from other producers, it is apparent that the 
product being made in this project would have to have a retail value between fifty to eighty 
dollars. This would suggest that the total material cost to build the device would have to be 
approximately ten to sixteen dollars. This would allow for the cost of labor and equipment, as 
well as leaving a large sum for profit. 
5.2. Size 
Most smoke detectors and carbon monoxide have a standard shape and size. Looking at 
most standard detectors the size of the device should be no more than three inches in depth and 
six inches in length.
32
 This is a normal size for a smoke detector that is easy to handle and also 
not too intrusive to the home décor. 
The box size in this project was six inches in width by three inches in depth. This may be 
a little bigger and not the actual shape of a final product, but it sufficed while completing tests 
and experiments on the different sensors of the device. To actually market the combinational 
smoke detector a smaller and more aesthetically appealing device may be needed to be 
developed. 
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5.3. Box Design 
A more complex design to allow proper smoke flow through the device to the sensors 
was not looked into. The main focus on the design of the box was to make sure that a sufficient 
amount of space was allowing smoke particles to enter the device. There was a metal guard 
placed between the outside and the inside of the box to prevent large particles from entering the 
device and disturbing the circuitry. The design only allows for tiny smoke particles to affect the 
circuit which is necessary to prevent false alarms from big particles making it through or other 
outside sources getting into the box. 
 
Figure 3 - Box Design, Side View 
Another component of the design which was followed was the placement of the 
thermocouple. It was important to make sure that any heat from a fire would affect the output of 
the thermocouple because fast detection was a need in the project.  A final design for the box can 
be seen in the picture below: 
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Figure 4 - Box Design, Top View 
5.4. Sensors 
The sensor selection process began by first determining the most applicable methods to 
identify smoke from a real fire and not from a nuisance source. There are already numerous 
detectors available to help signal in case of a fire, but there is still much improvement needed for 
their reliability and activation times. With these advancements in smoke detectors many more 
lives could be saved due to the enhanced credibility of the detectors. For this reason the decision 
to use three different detectors as one device was chosen.  
First the choice of which type of smoke obscuration detector use would have to be 
decided. This the most common way to identify a fire in its early stages before it becomes too 
dangerous. The main two choices for this type of smoke detection are an ionization detector or a 
photoelectric detector. They both have their advantages and disadvantages as discussed earlier, 
however it is apparent that the photoelectric detector would be the best choice for this project for 
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a couple of reasons. One major factor is that is known to have fewer false alarms than an 
ionization detector. This device is being designed to have fewer false alarms than any smoke 
detector, so it would not be a relatively smart decision to utilize a sensor which already has a lot 
of false alarms in the first place. There is also the motivation to stay environmentally healthy in 
today’s society which would not be possible with the ionization detectors because of the 
radioactive material that is used in them to detect smoke. A photoelectric detector is the best 
choice for a smoke obscuration sensor when considering the previous cases. 
To design the photoelectric detector portion of these device two key elements had to be 
selected. These would be the light emitting diode (LED) and photodiode which would be used to 
create a light source and then measure the amount refracted by smoke inside the chamber. It was 
recommended by Don Brighenti from Tyco Safety Products
33
 to use a light source which would 
be infrared since it had worked best for their designs in the past. Using an infrared sensing 
photodiode also limited the amount of outside light that would affect the output. The focal point 
of this part of the circuit was to find a light which emitted a large peak at a certain frequency and 
make sure that the photodiode being used recognized only the light from that frequency range. 
Therefore, the LED would produce a light source which then gets refracted by smoke particles 
inside the chamber towards the photodiode. The photodiode sees the extra light signals and 
increases in current output. This makes for an effective and sensitive smoke detector. 
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Figure 5- Smoke Obscuration Detector 
The next part of the sensor selection was to find a device which could act as a heat 
detector. It had been determined that the use of a fixed temperature heat detector would be 
sufficient since the use of this smoke detector was being designed to be used in residential 
settings. The use of a rate of rate detector would only seem applicable in an area were the 
temperatures are normally cold and might not get hot enough to set off a fixed temperature 
detector if it was rated at too high of a temperature. 
The heat detector had a couple of ways that it could be made through different circuitry. 
The two different options to choose from for this device would be either a thermistor or a 
thermocouple. The thermistor is a component which changes its overall electrical resistance with 
the change in temperature. This is convenient but not the best option since a voltage would have 
to be supplied to the component to keep track of its changes, which would mean less battery life 
for the overall device. The best option to use as a temperature sensor in this device would be a 
thermocouple.  
A thermocouple is made by soldering two different metals wires together which provides 
a potential difference that can be measured. This difference in voltage changes with a variation in 
the temperature making it very easy to know the temperature. A Type K thermocouple was 
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provided as the best available thermocouple. This thermocouple used the potential difference 
between a nickel-chromium wire and a nickel-aluminum wire to sense a change in temperature. 
The Type K thermocouple has a very wide temperature range (-328 °F to 2282 °F) which would 
be suitable for this project.
34
 
The last sensor which needed to be chosen for project was the carbon monoxide sensor. 
The requirements for this sensor were that it had to exclusively react to carbon monoxide and no 
other gasses and it also had to have acceptable reproducibility. These characteristics were hard to 
find among carbon monoxide sensors that would also be in the price range of the circuit.  
Considering these sensor characteristics and the price range it was clear that an 
electrochemical sensor would make the most sense. The new task was to find a company which 
sold these sensors independently and at a reasonable price for such a small quantity. Many 
retailers were looked into including companies like Alphasense
35
 and AppliedSensor
36
 who have 
similar sensors to what was needed in the project but were not able to offer a product which 
would be economical. The final sensor which was chosen was found at Figaro USA
37
. This 
sensor can be seen in the picture below: 
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Figure 6 - Carbon Monoxide Sensor 
38
 
It can be seen that this sensor has the characteristics which were desired for the problems 
faced in this project. In the graph below it shows that this particular sensor which was used is 
barely affected by other common gases but still has a large change in current output for different 
amounts of carbon monoxide. 
 
Figure 7 - Sensor Sensitivity to Various Gases 
39
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The next graph depicts the repeatability and accuracy of the sensor. Each time the sensor 
is subjected to a carbon monoxide source the output clearly goes to a particular level and stays 
there until the source is taken away. It can also be seen that the output is approximately doubled 
when the carbon monoxide source is doubled in potency. 
 
Figure 8 - Sensor Repeatability and Accuracy 
40 
5.5. Circuit 
The initial design of the circuit began by building a circuit which would provide an 
output for each sensor. This process was extremely easy for the thermocouple being used as it 
produced its own voltage corresponding to a particular temperature. That made this particular 
sensor simple and was ready for use immediately. The voltage created by the thermocouple was 
put through a voltage follower circuit so that the thermocouple would not be affected by other 
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voltages when its output was used later in the circuit. This voltage follower was made by using 
an operational amplifier (op-amp) where the output of the thermocouple was connected to the 
positive input of the op-amp and the negative input is connected to the output. The operational 
amplifier that was used for this particular circuit and many more was a LM 358. 
 
Figure 9 - Operational Amplifier (LM 358)
41
 
Tests were easily conducted on the thermocouple because all that needed to be done was 
to have another thermocouple next to it that produced results per degree Celsius. Recording the 
results through a cone calorimeter and into a computer program called LabView it was easy to 
see that the sensor worked as it had been projected to do so. These recordings can be seen below 
where the first graph displays the output voltage of the thermocouple in the device and the 
temperature recorded by the other thermocouple. The data from each thermocouple are near 
mirrors of each other except that the temperature measuring thermocouple took more time to 
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settle back down to normal temperature than did the device thermocouple. 
 
Figure 10 – Thermocouple Comparison 
 The two data sets were then analyzed using a comparison of zero, average, and peak 
values. From the results of the two thermocouples, a third figure was able to be made which tells 
the temperature levels per voltage output of the device. Examining these results, it was clear that 
the output voltage was a linear function of temperature. Using the trend line equation, 
 
, any threshold temperature could be determined in terms of voltage output of the sensor. This is 
useful since any temperature level can now be determined and turned into a threshold which is 
monitored for an alarm condition. A graphical representation of this relationship can be seen 
below: 
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Figure 11 - Thermocouple to Temperature Correlation 
Completing the smoke obscuration circuit was much more difficult than for the 
thermocouple. To get the infrared LED to output a constant light source towards the photodiode, 
some extra circuitry had to be used. The voltage from the battery would variable dependent on 
use and age so it would not create a constant source for the LED which would change the output 
from the LED as well. To control the light from the LED a voltage regulator (lm 317) was used 
to provide a constant voltage. 
 
Figure 12 - Voltage Regulator (LM 317)
42
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This protected the light source from changing while the voltage changed and would not change 
the amount of light be transmitted towards the photodiode. Using two resistors and a power 
supply to the regulator an output voltage of 1.46 volts was created because the maximum 
working voltage for the LED was 1.5 volts. This voltage was then sent into a voltage follower of 
an operational amplifier (LM 358) so that the characteristics of other electrical elements would 
not change the output from the voltage regulator.  
For the photodiode, a 100K ohm resistor was attached from the positive end of the device 
to the negative end. This allowed the current flow from the photodiode to run through the resistor 
and create a voltage across it when it detected infrared light. Therefore, with more infrared light 
absorbed by the photodiode then more current there would be produced, in turn creating a higher 
voltage.  
Using both the infrared LED and photodiode in combination made for an effective smoke 
obscuration sensor. Before any smoke entered the path between the LED and photodiode the 
output from the photodiode would hold constant at a small value. Once smoke was began 
flowing through the device the output from the photodiode could be seen to be rising. This was 
the affect that the smoke had on refracting more light into the photodiode sensor.  
One test for this can be seen below. The figure represents the output of the smoke 
obscuration sensor made by the LED and photodiode along with the output measured inside a 
cone calorimeter which has an inverted shape compared to the device’s output. However, this is 
the expected result from the cone calorimeter because it is measuring the amount of light being 
passed across the path of the smoke. As the smoke obscuration level goes up, more light will be 
blocked and the output will decrease in value. There was also a calibration for the cone 
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calorimeters smoke obscuration sensor so that the actual percentage of smoke obscuration could 
be determined. This was done by; first recording the cone calorimeter’s output when no blockage 
was present and then the output would be recorded when there was 100% obscuration. Knowing 
that this would have a linear relationship, the percent obscuration could be calculated for the 
output. 
 
Figure 13 - Smoke Obscuration Comparison 
Once again the tests seem to be mirror images of each other which are exactly what 
would be expected. Using this test and other similar ones, which can be found in the appendix, a 
correlation between the actual smoke obscuration percentage and the output from the device 
could be made. This correlation produces the equation: 
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Using this equation the same as the thermocouple equation, any threshold percentage can be 
calculated as an output from the devices smoke obscuration sensor. This correlation can be seen 
graphically in the figure below. 
 
Figure 14 - Device Smoke Obscuration Percentage Correlation 
The carbon monoxide sensor being used also had additional circuitry which had to be 
implemented for it to work properly. However, the schematic for the setup of the sensor was in 
the specifications sheet
43
, so that made it much easier to understand. The circuit involved a 
capacitor, resistor, and operational amplifier to help extract a signal from the CO sensor. The 
reason for this circuit was to not allow a voltage at the working end of the CO sensor because it 
is known to damage the sensor. This circuit can be seen in the picture below. 
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Figure 15 - Carbon Monoxide Measuring Circuit
44
 
The output from this circuit was also put into a voltage follower to protect the output 
voltage and make sure that the measuring circuit would not be affected in order to keep the 
signal constant. This output was also tested and recorded using the cone calorimeter. The tests 
for this sensor were also completed using smoke from a fire as well because the smoke that was 
created was a good source of carbon monoxide at lower levels which otherwise would be hard to 
produce. The results from these tests can be seen below. 
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Figure 16 – Carbon Monoxide Comparison Output 
Once again the output from the device and the output from the cone calorimeter are 
extremely similar. The cone calorimeter has a slight delay compared to the device sensor because 
it is required to pass through an arrangement of filters before it is actually measured. Other than 
this delay, the data sets close to equivalent. The CO sensor in the device takes a bit longer to 
determine there is no CO left in the chamber which can be seen on the back end of each spike. 
This is caused by the smoke still having to clear out of the chamber maybe taking longer than 
there was actually smoke flowing through the cone calorimeter. Also, the circuit that the CO 
sensor it connected to causes a slight bit of saturation. This result was expected and does not 
seem to affect the readings to be of much concern. However, overall they still produce the same 
results which can be used to make a correlation. The cone calorimeter was also calibrated before 
testing and is expected to be linear. Therefore, the outputs for 0 ppm of CO and 2510 ppm of CO 
were measured so that there could be a determination of actual CO values. The correlation for 
the device’s CO sensor out compared to actual CO measurements can be seen below. 
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Figure 17 - Device Carbon Monoxide Sensor Correlation 
The correlation equation for the CO sensor was not a perfect linear curve. It was still able 
to fit a quadratic curve quite nicely though so that the correlation could still be calculated. The 
equation for this correlation is: 
 
Now that each sensor has a correlation to their output voltages the rest of the circuit can 
now be built. This includes making the thresholds voltages to compare the sensors to, as well as 
the final stage of the circuit which is the output to the LED’s that will signal a warning for what 
type of combination is going into alarm. There also has to be circuits which will add the voltages 
together from different sensors to create the combination alarms. 
One problem observed with the combination of sensors was that the CO and temperature 
sensors would change dramatically over hundreds of millivolts to different thresholds. While the 
voltage of the smoke obscuration sensor only had to change 10 to 20 millivolts before it reached 
its next threshold. To counteract this effect of one sensor controlling the combination, a voltage 
divider circuit was created that would make the other sensors smaller when combining with the 
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smoke obscuration so that they would only reach thresholds on a 10-120 millivolts scale as well. 
This should have guaranteed accurate results from the combination thresholds as well as the 
singular sensor thresholds. 
To help in the design of the threshold detecting circuit for this device a program called 
Multisim was used. This program allows for actual electronic circuit devices to be wired together 
and simulated as though they were real. This program was used to simulate a large number of 
comparators which were being used to evaluate certain thresholds. However, it was also possible 
to do this just for the single alarm threshold. This setup can be seen in the picture below. 
 
Figure 18 - Simplified LED Circuit 
This simple circuit when tested in Multisim proved that the concept would actually work 
when built on a circuit board. The input voltage could be changed above and below the threshold 
set, which in turn would turn the LED on and off accordingly. This particular comparator (LM 
339)  
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Figure 19 - Comparator (LM 339) 
 that was used allowed for signals to be evaluated within a millivolt of each other. This feature 
enabled the device to be sensitive to any change in the sensors. This circuit was also tested in 
Multisim with the actual number of comparators being used and it worked just as well, however 
it is not as easy to follow as this simple circuit. 
Using seven comparator outputs, the circuit would be able to produce signals if a 
threshold was reached and go into alarm. The sensors outputs were compared to a fixed voltage 
produced by a voltage divider and the output of the voltage regulator from the photoelectric 
setup. The voltage for which the sensors should set the device into an alarm was determined 
from the correlation equations and the threshold levels, both were determined previously. 
5.6. Testing Plan 
The testing for the final device would have three experiments in a normal sized room 
with the smoke detector at the ceiling. The device which is made as a smoke will be place in 
close proximity of another smoke detector that is actually on the market. The smoke detector 
used was a combination of ionization and photoelectric technologies. This is the proposed best 
method for protection by smoke detectors currently by NFPA.
45
 For each experiment, the 
detectors will be placed on an 8 foot ceiling of a room with 3 walls and 1 open side so that the 
test may be viewed. Smoke would be able to escape the room once it had built up over a 1ft edge 
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at the ceiling on the open side of a room. All materials that were being tested were inside of a 
pan that was placed 2 ft off the ground directly under the smoke detectors. 
The experiments which were to be run included three different scenarios. The first 
scenario was the burning of paper products inside the pan. This test was intended to represent a 
trash can fire. The paper would initially be ignited by a lighter to start the combustion. The next 
two tests were of food products and intended to represent nuisance alarms. One test would be 
two pieces of bread place in a pan on a hot plate. The hot plate would be on its maximum 
temperature before the bread was placed on the pan. This would act as if someone was burning 
their bread in a toaster. The other test would be a thawed hamburger patty that was ¼ inch thick. 
This was placed in an already warmed pan and hot plate as well.  
5.6.1. Expectations 
From the first test with the paper products acting as a trash can fire it would be expected 
that the device made in this project would hopefully go into alarm either before or at the same 
time as the generic smoke detector. The combustion of the paper products should produce 
enough smoke and carbon monoxide to set off a combination alarm. There may even be enough 
heat to cause the signal of all three sensors combined to go into alarm. 
In the test with the bread on a heat pan, it may take a little while before the bread actually 
begins to char and create smoke. For this reason the activation times of the smoke detectors may 
seem delayed compared to the paper products burning. However, ideally the bread should not 
produce enough CO or heat to create any combination alarms, but there may eventually be 
enough smoke to create an alarm due to smoke obscuration. Since the main product being 
produced is smoke the generic smoke detector should go off before the experimental device 
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which has a higher threshold for smoke obscuration when not enough CO is present. There could 
be enough CO at some point to set off a combination alarm according to Table 1, comparing the 
results from the Hughes Associates report, but it is doubtful that this would be the most common 
scenario. 
The tests that involved the hamburger patty should have similar results to the test with the 
bread. The difference is that there definitely should not be a combination alarm. Both of the tests 
from the Hughes Associates report that involved cooking a Hamburger did not record over 2 
ppm of CO. The tests did not record much in means of smoke obscuration either, but still enough 
to set the generic detector into alarm. The best results for the experimental would be that it never 
goes into alarm. If the smoke obscuration in the room stays below the single sensor threshold for 
smoke obscuration then there should never be an alarm because not enough heat or CO will be 
produced to create any type of combination alarm. 
6. Experimentation 
The experiments for this project were completed with the scenarios that were mentioned 
in the experimental plan. However, since the signaling circuit of the experimental device was not 
completely functional it would not be certain if the warning LED’s would light up when there 
was an alarm. For this reason, the testing ended up getting split over two days. On the first day, 
there was voltmeters setup to the experimental detector to tell if the thresholds had been reached 
and if the device had gone into alarm. On the second day the CO and smoke obscuration sensor 
were hooked up to a computer so that they could be logged into LabView for analysis. 
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6.1. Tests 
On the first day, the experiments began with the toast test. The generic smoke detector 
went into alarm 14 seconds after the smoking toast was placed under the smoke detectors. It was 
not recorded at any point that the experimental detector had gone into alarm. The smoking toast 
was removed 4 minutes and 44 seconds the break had been smoking under the detectors and 
there still had been no alarms recorded by the experimental device. 
The second test of the day was a mixture of paper products inside a pan. This fire 
developed quickly and the generic smoke detector went into alarm at approximately 44 seconds. 
The experimental detector never did go into alarm once again. 
On day two, the testing began with another paper products fire test. This fire grew 
quickly and sustained for a long period of time producing a large amount of smoke. For this test 
the generic smoke detector went into alarm at 25 seconds from ignition. No LED’s came on for 
the experimental device to indicate and alarm. However, on this day the individual sensors were 
being logged so those were kept track of.  
The second test of day two was the hamburger patty on the hot pan. This test resulted in 
no flames but did produce a large amount of smoke. The generic smoke detector went off in 44 
seconds from the start of cooking and results from the experimental detector were not logged 
correctly so no results were made from the device on this test. 
6.2. Analysis 
The results from the first day of testing indicate a malfunction on behalf of the 
experimental device. There was enough smoke being produced in both the toast test and the 
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paper test to probably set off the thresholds, yet there was no indication of alarm from the 
experimental device. The outputs from the individual sensors also showed no response to the 
smoke. This indicates that there was indeed a malfunction to the device during the test because 
the individual outputs have been known to work from previous testing. 
The second day of testing provided some results that could be analyzed. From the first 
test, which was a paper fire test, the outputs of both the CO sensor and the smoke obscuration 
sensors were recorded. 
 
Figure 20 - Paper Fire Test Results 
The results from the CO sensor were inconclusive so they were not provided in this 
report. However, the smoke obscuration results are accurate for a paper fire. There was a large 
amount of smoke built up around the smoke detectors and this can be seen by a jump of 450 
millivolts which is nearly double the baseline value and well over any acceptable obscuration 
levels for breathable air. There is a sudden drop at 280 seconds which was not expected. It was 
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assumed that the heat from the fire affected the wiring inside the device and caused it to 
malfunction. 
.  
Figure 21 - Paper Fire Test 
To test whether the device was indeed still working or not, the next test with the 
hamburger was run. During this test, it was seen that the individual sensors inside of the device 
had stopped working. Due to this malfunction no test results were able to be completed. 
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6.3. Outcome 
These final tests did not produce any conclusive results to show that the device would 
indeed work in the event of a fire. Useful data that was concluded from these tests was the 
activation times of a normal smoke detector in the smoky situations that were simulated. These 
results can be useful in future testing of the experimental device and other smoke detectors. The 
experimental device still needs work to make it more consistent and reliable to work every time. 
The device has been seen to work correctly outside of the testing lab, but has not repeated results 
when in the lab. There are many possible reasons for the device to malfunction which include the 
possibility of loose wires inside the device, bad circuit design, or maybe some of the testing 
methods were not set up correctly. In order to produce more accurate results the device would 
have to be worked on more to be more consistent. 
7. Conclusion and Recommendations for Further Research 
The research for this project was carried out in a well organized and informative fashion. 
An abundant amount of resources were gathered and compiled to create an extensive base for 
which to build the project. Many fire scenarios and different methods of smoke detection were 
investigated and the final decision was made to attempt to make a detector utilizing carbon 
monoxide, temperature, and smoke obscuration. There was enough information on these three 
fire characteristics and the sensing technologies that formidable thresholds could be selected for 
them. From this, sensors were selected and tested to prove that they could work. In the final 
design process, an attempt was made to interconnect all of the sensors and create a device which 
could warn of a potential fire. In theory, the combinational smoke detector that was produced can 
4/30/2009 Combinational Smoke Detector MQP WJL - 0801 
 
Keith Flanders 50 Worcester Polytechnic Institute 
 
still be a possibility for products in the future and can be made with a few changes in the process 
of getting to that point. 
A suggestion for better results of the experimental detector is to have a specially made 
box just for the project. The box design in this project seemed to work fairly well; however, 
better results may have been concluded if there was improved smoke flow through the chamber. 
There was also the opportunity for light from outside sources to penetrate inside and affect the 
output of the photoelectric sensor. This additional light could change smoke obscuration values 
based on were the detector was located. 
One problem that was seen with the circuitry of the device is that it is not 100 percent 
efficient in its energy consumption. There were far too many components in the device which 
draw current and therefore are endangering the battery life of the product. The device was built 
just as an initial testing element, so the long life when connected to a battery was not of great 
concern. There are certainly multiple changes that could be made to improve the life of a battery 
in the device. One major change would include how voltage is distributed to the LED’s that 
signal the device is in alarm. Currently, the LED’s are triggered by outputs from the comparators 
that are in alarm which are then combined with the other outputs which may not be in alarm. 
This combination through 1K ohm resistors can reduce the voltage to an LED to fewer than three 
volts. This will light up the LED, but may do so in a very light and faded fashion. Consequently, 
it would be more beneficial if an on/off switch using transistors was utilized to trigger the 
LED’s. 
If any further research is to be completed for this project, it is highly suggested that a 
printed circuit board be made in place of the current protoboard which the circuit is currently 
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built on. This advancement in the device would allow for more free space inside the device and 
would take care of most of the headaches that go along with a long soldering process. In building 
the detector, a majority of the time was spent putting the whole circuit together rather than 
designing it. This could have been avoided by creating a printed circuit board where all the 
circuitry would already be built into the board. However, for this project, it was not the best 
option since different sensors and different configurations were being tested before making a 
final product. Once a final circuit design is completed that includes more in depth sensor analysis 
and less power consumption it would be feasible to design it into a printed circuit board. 
The sensors used in this project seem to have been reliable and effective. There were no 
problems discovered with the thermocouple. This sensor worked as it was expected every time it 
was used. The smoke obscuration sensor seemed to work fairly well too. There had been 
problems were the initial output would saturate down to a steady level after about 1 minute. This 
was never too strongly looked into since it did eventually reach a steady value and could be used 
from that point on. The carbon monoxide sensor was also an effective device. This sensor when 
used with the provided circuit worked almost all of the time. Although, it is encouraged to short 
out the sensor when not in use because it may be ineffective if the device is left off for a long 
period of time. This is believed to be caused by stray voltage interacting with the carbon 
monoxide sensor from the other sensors so that they could be added to each other. Overall, the 
sensors seemed like good choices for the design of this detector because they did give reliable 
outputs when working as a singular sensor. 
Another recommendation for making this project successful would be to just use the 
carbon monoxide sensor and the smoke obscuration sensor. The thermocouple as a temperature 
4/30/2009 Combinational Smoke Detector MQP WJL - 0801 
 
Keith Flanders 52 Worcester Polytechnic Institute 
 
sensor was used primarily as a safe guard in this project in case the smoke obscuration and 
carbon monoxide sensors did not already detect a fire. This would limit the total number of 
combination to three instead of the seven needed for the three sensors. Using three combinations 
means that only one comparator chip would have to be used and all the wiring needed for the 
thermocouple could be eliminated. That leaves more room for adding circuitry on the protoboard 
and also saves on the power consumption from the additional chips not in use.  
The design of the final device turned out not to be so effective. Although in Multisim the 
circuit worked and probably would have if those were the only electrical parameters. However, 
the adding of the circuits was not an effective way of doing so. The signals had each been passed 
through a 1K ohm resistor then combined. Multisim reported that the voltages would add up then 
divide by two to get the voltage on the other side. This was not seen as the case when the circuit 
was being built and thresholds had to be matched. There was also the output to the LED for a 
warning signal. The datasheet of the comparator recommended using a 3K ohm resistor to draw 
out the proper voltage and this worked in Multisim as well. When this was designed on the 
circuit board with many other functions going on at the same time, the output voltages didn’t add 
up correctly and there just was not enough power at time to light up particular LED’s if other 
ones were already on. The circuit also became extremely large for the board that is was built on. 
There may have been too many components used in the end which lead to the lack of power and 
lack of space. If a smaller device design could be made then that would be beneficial to a 
successful project. 
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The testing of the product probably would have gone a lot better if the final device had 
been completely functional. Instead scattered results came from the testing that no real 
conclusion can be drawn from. 
The project had the potential and was on track to produce a highly effective product until 
the final stages of the design circuit were implemented. This slowed the project down and was 
never able to recover from it. It may have been a better project if one person had been working 
on the thresholds and sensor while another had worked on the output circuitry. Combining the 
two components at the end would have made for a successful project. 
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8. Appendix 
Lab Test Results not shown in Report 
11/14/08 
 
2/6/09 
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9. Specifications Sheets 
9.1. Carbon Monoxide Sensor 
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9.2. Photodiode 
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9.3. Infrared LED 
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